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Abstract 
In this paper, a sequential process of elaboration of hybrid nanostructured composite films has been proposed. The 
combination of phase separation in poly(styrene-block-4vinylpyridine) (PS-P4VP) block copolymer leading to the 
formation of nanopores, and gold nanocolloids synthesis confined in the nanoholes has allowed the facile fabrication 
of hexagonally arranged gold nanoparticles (NPs) onto silicon wafer. In particular, the nucleation and growth of gold 
nanoparticles took place within the nanopores, where they are confined in both size and shape the formed Au NPs. 
The resulting hybrid nanoscomposite has been characterized by Atomic Force Microscopy (AFM) and X-Ray 
Spectroscopy (XPS). This facile and simple process represents an opened pathway to several technologically 
important materials fabrication such as hierarchical and ordered crystal architectures. Indeed, the approach based on 
solvent phase, which is particularly attractive due to its low energy requirement, and the safety and environmentally 
gentle processing conditions. 
 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction                                                                                                                                                  
Nanostructured films and coatings with controlled surface functionnality, porosity, crystalline orientation, 
grain sizes, and crystal morphologies are desirable for many applications, including microelectronic 
devices, chemical and biological sensing, energy conversion and storage (photovoltaic cells, batteries and 
capacitors, and hydrogen-storage devices), light-emitting displays, catalysis, drug delivery, separation, 
and optical storage [1-2]. 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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However, control of the structure and properties of materials at the nanoscale still represents a key 
challenge associated with the development of nanostructured materials. One route to reach this goal is the 
“bottom- up” approach. Among all the possibilities in this domain, self-assembly process represents a 
crucial strategy to build the blocks of future advanced nanoscale materials[3]. Alternatively, “top-down” 
lithographic approaches offer arbitrary geometrical designs and superior nanometer-level precision, 
accuracy, and registration. However lithography techniques are very expensive and do not permit to 
obtain highly dense nanoscale patterns [4]. At the opposite, self-organizing materials provide simple and 
cost effective processes to make large-area periodic nanostructures [5- 6].In particular, self-assembly 
processes of block copolymers offer interesting possibilities to create patterns on nanometer length scales. 
Nanoporous copolymer films can be realized by selective removal of one of the blocks via degradation 
upon UV radiation, [7] plasma etching, [8] or extraction of alow molecular mass additive that forms 
supramolecular assemblies. [9]. The polymeric constituents, substrate surface properties, and 
experimental conditions all offer parameters that allow the control and optimization of pattern formation 
for specific applications and to produce well-registered nanostructures. [10]  
Then, an alternative approach is to build-up nanosized structures and devices by using nanoscale building 
blocks to initiate growth directly at desired positions and with designed dimensions and properties. 
Recently, significant progress in the synthesis of complex nanostructures through sequential nucleation 
and growth processes has been done[11]. The use of multistage, seeded-growth methods to synthesize a 
wide range of nanostructures, such as oriented nanowires, nanotubes, and nanoneedles and multilayer 
heterostructures[12] has been initiated. However, these methods typically require high temperatures ( 
500–1100 °C) and vacuum conditions, which limit the choice of substrate and the economic viability of 
high-volume production[13]. These limitations have stimulated research on solution-phase synthesis, also 
referred to as soft solution route or chemical bath deposition, which offers at the opposite, the potential 
for low-cost, industrial-scale manufacturing. Indeed, low-temperature (typically < 100 °C), aqueous-
phase approaches are particularly attractive because of their low energy requirements, and the safety, and 
environmentally gentle processing conditions[14].
Finally, the combination of block copolymer phase separation and solution-phase synthesis of colloids 
represents a simple method to fabricate hybrid materials. These materials represent an important class of 
functional hard/soft hybrid composites. In particular, this method is well adapted to the synthesis and self-
assembly of inorganic nanoparticles (NPs) within the structures of ordered A-b-B dibock copolymers 
(BCPs) [15]. The ability to systematically modify the shapes of such inorganic nanocrystals is an 
important goal in materials chemistry today[16]. Hence, in aqueous-phase synthesis, oriented 
nanocrystalline films are deposited on a substrate in aqueous media by heterogeneous nucleation and 
subsequent growth. For instance, the growth of ZnO NWs onto various substrates using thermal 
decomposition of methylamine and zinc nitrate in aqueous solution was reported by several groups [17]. 
A multistep, seeded-growth technique developed by the Liu and co-workers [18] allows control of the 
sequential nucleation and growth, leading to complex nanostructures composed of hierarchical nanorods. 
Here, we report a method of fabrication of patterned arrays of gold nanoparticles. The hexagonal 
arrangement of the gold nanocolloids has been induced by a block copolymer template. To prepare 
effectively the golden array on a substrate, a cleaned surface of silicon wafer was used to precoat the thin 
film of block copolymer PS-P4VP mixed with HABA. The mask layer of the block copolymer with 
patterned nanopores was then realized on the substrate using solvent annealing to form of ordered 
domains, which either exhibit hexagonnal or square lattice packing. These nanodomains are then removed 
by HABA treatment leading to the formation of nanoholes. The polymer template was finally immersed 
in a HAuCl4 solution. The HAuCl4 salt that preferentially attach to the P4VP blocks, has been reduced by 
hydrazine, monohydrate solution. The synthesis of gold colloidal nanoparticles within polymer 
nanoholes, referred to as “nanoreactor concept”, because the chemical reaction from the precursor to the 
nanoparticle takes place within the opened PVP columns, which themselves confined the size of the 
formed nanoparticles. After the removal of the polymer phase, the nanostructured surface, which has been 
characterized by Atomic Force Microscopy in Tapping mode and XPS mainly presents a hexagonal 
arrangement of Au nanoparticles, perfect negative replication of predefined features. This approach 
provides a method for the design and synthesis of controlled 3D architectures in nanostructured films. 
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that this block copolymer template method is a very effective means to generate uniformly sized gold 
nanoparticles. The 2D nanoparticle coverage on the substrate represents the order of 70% of the total 
surface. This alternative process combining self-assembly and soft synthesis route has enabled to create 
highly ordered and uniformly sized nanoparticles. In addition, XPS measurements have proved the 
presence of pure metallic Au(0).  
In Figure 5, Au 4f 7/2 appears at 83.5 eV, indicating that Au is in the form of Au(0). Typically, the peak 
from Au2O3 is around 85.9 eV [28]. This result can be explained by the facile reduction of an oxidized 
gold species to its zero-valent state. The most stable state for gold is the zero-valent state. Although 
Au(+3) was used as the gold precursor and plasma treatment was used in the process to remove all of the 
organic components and only Au(0) was detected. 
Finally, the use of block copolymers that self-assemble to form periodic structures with well-defined size 
and periodicity on a scale of tens of nanometers represent an easy way to assemble nano-objects. 
Variation of the molecular weight of the copolymer should enable a control over the size and periodicity 
of the cylindrical nanopores and therefore of the resulting metallic structures. Although we demonstrate 
only the formation of gold nanostructures, this method may be applied to the deposition of many other 
metals available for soft synthesis route[ 29].  For these reasons, this route to the generation of arrays of 
nanostructures is particularly attractive in terms of simplicity and flexibility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Experimental XPS spectrum performed on a hexagonal array of Au nanoparticle.  
 
4. Conclusion  
In summary, very simple routes to generate nanoscopic arrays of metal nanoparticles are presented. First, 
we have reported block-copolymer (BCP) thin films self-assembled in a well-defined hexagonal 
morphology. This process expands to the use of polymer films having cylindrical domains, which have 
the advantage of being used both as negative and positive templates. Filling the organic porous mask by a 
salt that constitutes the precursor for the nanoparticle for the colloidal synthesis via a soft, aqueous liquid-
based route, offers quite a few advantages. We have shown that polymer-metal salt complexation 
combined with chemical reduction affords a simple, yet robust, route to control the size and lateral 
ordering of nanopartcile in thin films of block copolymer. This strategy is general and can be extended to 
any block copolymer where one of the components can form a complex with a heavy metal ion salt. 
Therefore, this general strategy allows one to generate functional, self-orienting, self-assembling systems 
that hold promise in the fabrication of nanostructured materials where the spatial placement of each 
element can be controlled and, as such, opens a pathway to addressable media. 
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